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HIGHLIGHTS 


•  Nanohybrid  membranes  with 
polymer-nanosheet  (sulfonated  gra¬ 
phene  oxide)  layer  were  fabricated. 

•  Inorganic  nanosheets  (sulfonated 
graphene  oxide)  were  uniformly 
dispersed  in  CS-based  membrane. 

•  The  membranes  displayed  excellent 
thermal  and  mechanical  stabilities. 

•  The  membranes  achieved  enhanced 
proton  conductivities  under  hydrated 
and  anhydrous  conditions. 

•  The  membranes  afforded  acceptable 
PEMFC  performances  under  anhy¬ 
drous  condition. 


GRAPHICAL  ABSTRACT 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  15  May  2014 
Received  in  revised  form 
12  July  2014 
Accepted  12  July  2014 
Available  online  19  July  2014 


Keywords: 

Sulfonated  graphene  oxide 
Chitosan 

Nanohybrid  membrane 
Acid— base  pair 
Proton  conductivity 
Fuel  cell  performance 


In  this  study,  sulfonated  graphene  oxide  (SGO)  nanosheets  with  controllable  sulfonic  acid  group  loading 
are  synthesized  via  the  facile  distillation— precipitation  polymerization,  and  then  incorporated  into  chi¬ 
tosan  (CS)  matrix  to  prepare  nanohybrid  membranes.  The  microstructure  and  physicochemical  properties 
of  the  resulting  membranes  are  extensively  investigated.  Compared  with  CS  control  and  GO-filled  mem¬ 
branes,  SGO-filled  membranes  attain  enhanced  thermal  and  mechanical  stabilities  due  to  the  strong 
electrostatic  attractions  between  -SO3H  of  SGO  and  -NH2  of  CS,  which  inhibit  the  mobility  of  CS  chains. 
Additionally,  the  inhibited  mobility  reduces  the  area  swellings  of  SGO-filled  membranes,  reinforcing  their 
structural  stabilities.  The  incorporation  of  SGO  generates  acid-base  pairs  along  CS-SGO  interface,  which 
work  as  facile  proton-hoping  sites  and  thus  construct  continuous  and  wide  proton  transfer  pathways, 
yielding  enhanced  proton  conductivities  under  both  hydrated  and  anhydrous  conditions.  Meanwhile,  the 
conductivity  can  be  elevated  by  increasing  the  sulfonic  acid  group  loading  and  content  of  SGO.  Particularly, 
incorporating  2.0%  S4G0  can  afford  the  nanohybrid  membrane  a  122.5%  increase  in  hydrated  conductivity 
and  a  90.7%  increase  in  anhydrous  conductivity  when  compared  with  CS  control  membrane.  The  superior 
conduction  properties  then  offered  a  significant  enhancement  in  H2/O2  cell  performances  to  the  nano¬ 
hybrid  membranes,  guaranteeing  them  to  be  promising  proton  exchange  membranes. 
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1.  Introduction 

Fuel  cells,  which  convert  chemical  energy  directly  into  elec¬ 
trical  energy,  have  been  considered  as  promising  energy  conver¬ 
sion  devices  with  great  potential  to  alleviate  the  ever-growing 
demand  for  power  [1,2].  Among  various  types  of  fuel  cells,  proton 
exchange  membrane  fuel  cell  (PEMFC)  has  received  widespread 
interest  due  to  the  advantages  of  high  energy  density,  easy  fuel 
handling,  environmental  friendliness,  and  feasibility  of  mobile  and 
transport  applications  [3—6],  As  the  indispensable  component  of 
PEMFC,  proton  exchange  membrane  (PEM)  is  required  to  effi¬ 
ciently  transport  protons,  block  fuels  (i.e.,  methanol,  hydrogen), 
and  possess  adequate  structural  stability  for  the  practical  appli¬ 
cation  [7—9], 

The  commercial  PEMs  are  the  state-of-the-art  perfluorosulfonic 
acid-based  membranes  (e.g.,  Nation)  in  virtue  of  their  high  proton 
conductivity  and  stable  physicochemical  properties  [3,10].  How¬ 
ever,  these  membranes  suffer  from  the  drawbacks  such  as  high  cost, 
serious  fuel  crossover  through  the  swollen  ionic  channels,  and  low 
proton  conductivity  under  anhydrous  condition,  degrading  their 
practical  application  in  fuel  cell  [11].  Therefore,  numerous  studies 
have  been  conducted  to  develop  alternative  PEM  with  adequate 
properties  and  low  cost  [12—14].  Chitosan  (CS,  a  deacetylated  form 
of  chitin),  bearing  amino  and  hydroxyl  groups,  is  generally  dis¬ 
carded  as  industrial  waste  around  the  world  with  low  toxicity  and 
cost  15,16],  Recently,  CS  has  been  explored  to  prepare  PEM, 
considering  its  excellent  film  forming  and  fuel-barrier  properties 
[17—19].  However,  proton  conduction  ability  of  pristine  CS  (about 
0.0117  S  cnr1)  is  low  due  to  the  absence  of  continuous  transfer 
pathways  and  the  weak  conducting  ability  of  base  groups  [20,21], 
To  overcome  these  intrinsic  shortcomings,  modification  is  indis¬ 
pensable  for  CS-based  membranes  [22—24  .  One  facile  and  efficient 
approach  is  to  incorporate  acid  groups,  such  as  — SO3H,  to  CS 
membrane  in  virtue  of  the  following  advantages:  (i)  the  acid  groups 
can  provide  additional  hoping  sites  for  proton  migration;  (ii)  the 
acid  groups  will  link  the  base  groups  in  CS  to  form  acid— base  pairs, 
which  could  transport  protons  via  a  water-free  manner  with  low- 
energy  barrier;  (iii)  the  electrostatic  attractions  between  acid- 
— base  pairs  will  confer  enhanced  thermal  and  mechanical  stabil¬ 
ities  by  interfering  with  the  CS  chain  mobility  and  packing.  To  sum 
up,  the  acid  groups  can  be  incorporated  by  blending  acidic  poly¬ 
mers,  grafting  acidic  branched  chains,  or  embedding  acidic  nano¬ 
fillers  [20—23],  Among  these  methods,  embedding  acidic 
nanofillers  is  considered  as  one  of  the  most  promising  approaches, 
and  the  desired  nanofillers  should  be  compatible  with  CS  matrix  for 
homogeneous  dispersion  and  meanwhile  have  high  aspect  ratio  for 
long-range  transfer  pathway.  Among  spherical,  tubular,  and  sheet 
nanofillers,  nanosheet  is  the  most  ideal  architecture,  as  its  larger 
surface  area  and  higher  aspect  ratio  can  donate  more  continuous 
pathways  under  the  same  filler  content  [20,25], 

Recently,  graphite  oxide  (GO)  has  been  developed  as  an  attrac¬ 
tive  nanofiller  for  PEM  due  to  its  unique  graphitized  plane  struc¬ 
ture,  electric  insulativity,  and  mechanical  stability  [26—28],  Besides, 
the  oxygen-containing  groups  (carbonyl,  hydroxyl,  carboxyl,  and 
epoxy  groups)  make  GO  easy  to  modify  [29—32].  During  the  prac¬ 
tical  utilization,  GO  nanosheets  have  been  generally  sulfonated  to 
acquire  high  proton  conduction  ability.  Jiang  et  al.  synthesized 
sulfonated  graphene  oxide  (SGO)  by  grafting  3-mercaptopropyl 
trimethoxysilane  to  GO  surface  and  then  being  oxidized  by  H2O2 
[29],  Ravi  et  al.  prepared  SGO  through  sulfonation  of  GO  using 
diazonium  salt,  which  was  prepared  by  adding  NaN02  to  the 
mixture  of  NaOH  and  sulfanilic  acid,  followed  by  dissolved  in  ice 
water  and  concentrated  HC1  [32],  For  these  methods,  the  sulfonic 
acid  group  loading  amount  is  usually  limited  and/or  the  modifica¬ 
tion  process  is  cumbersome  and  time-consuming. 


Herein,  SGO  with  high  and  controllable  sulfonic  acid  group 
loading  amount  was  synthesized  via  a  facile  dis¬ 
tillation-precipitation  polymerization  for  the  first  time.  The  SGO 
was  employed  to  enhance  the  proton  conductivity  of  CS  membrane. 
The  microstructure  and  physicochemical  characteristics  of  the 
resulting  membranes  were  investigated  in  detail.  The  proton  con¬ 
duction  properties  under  both  hydrated  and  anhydrous  conditions 
were  systematically  evaluated.  Moreover,  the  PEMFC  performances 
of  the  membranes  were  explored.  By  doing  so,  it  is  demonstrated 
that  the  SGO  gave  significant  enhancement  in  the  proton  conduc¬ 
tion  and  cell  performances  to  CS-based  membrane,  together  with 
adequate  thermal  and  mechanical  properties. 

2.  Experimental 

2.3.  Materials  and  chemicals 

CS  with  the  deacetylation  degree  of  91%  was  supplied  by 
Golden-Shell  Biochemical  Co.  (Zhejiang,  China)  and  used  as 
received.  Natural  graphite  powders  (-45  pm)  were  purchased  from 
Sinopharm  Chemical  Reagent.  Styrene  (St)  and  3-(methacryloxy) 
propyltrimethoxysilan  (MPS)  were  obtained  from  Aldrich  and 
distilled  under  vacuum.  Divinylbenzene  (80%  DVB  isomers)  was 
supplied  as  technical  grade  by  Shengli  Chemical  Technical  Faculty, 
Shandong,  China,  and  was  washed  with  5%  aqueous  sodium  hy¬ 
droxide  and  water,  then  dried  over  anhydrous  magnesium  sulfate. 
2,2'-Azobisisobutyronitrile  (A1BN),  acetonitrile,  and  sulfuric  acid 
were  purchased  from  Kewei  Chemistry  Co.,  Ltd  (Tianjin,  China).  De¬ 
ionized  water  was  used  throughout  the  experiment. 

2.2.  Synthesis  of  SGO 

GO  nanosheets  were  prepared  by  oxidizing  natural  graphite 
powders  according  to  the  improved  method  in  literature  [33],  SGO 
were  synthesized  through  distillation— precipitation  polymeriza¬ 
tion  method  [34]:  GO  (5.0  g)  was  dispersed  into  the  mixture  of 
ethanol  (180  mL),  water  (20  mL),  and  aqueous  solution  of  ammo¬ 
nium  (15  mL)  with  vigorous  stirring  at  25  °C  for  24  h.  Then,  MPS 
(2.0  mL)  was  added  into  the  resultant  mixture.  After  being  stirred 
for  another  24  h,  the  MPS-modified  GO  was  purified  by  centrifu¬ 
gation  and  followed  by  drying  in  a  vacuum  oven.  MPS-modified  GO 
(0.30  g),  St  (0.50  mL),  crosslinker  DVB  (0.50  mL),  and  AIBN  (0.02  g) 
were  dissolved  by  ultrasonic  treatment  in  acetonitrile  (80  mL)  in  a 
dried  flask.  The  mixture  was  heated  and  kept  boiling  state  until  half 
acetonitrile  was  distilled  out.  Afterward,  the  modified  GO  was  pu¬ 
rified  and  dried  for  sulfonation.  The  resultant  modified  GO  was 
sulfonated  by  concentrated  sulfuric  acid  (94%)  at  40  °C  for  2  h  or  4  h 
to  obtain  S2GO  or  S4GO,  respectively. 

2.3.  Preparation  of  the  membranes 

CS  (1.2  g)  was  dissolved  in  acetic  acid  aqueous  solution  (30  mL) 
and  stirred  for  2  h  at  room  temperature.  Simultaneously,  a  certain 
amount  of  GO  or  SGO  was  dispersed  into  water  (30  mL)  with  ul¬ 
trasonic  treatment  for  24  h.  Afterward,  these  two  solutions  were 
mixed  together  and  stirred  vigorously  for  another  24  h.  The  resul¬ 
tant  homogenous  solution  was  cast  onto  a  clear  glass  plate  and 
dried  at  30  °C  for  72  h  to  obtain  a  nanohybrid  membrane.  The 
obtained  membrane  was  then  immersed  in  1.0  M  sulfuric  acid  so¬ 
lution  for  24  h  to  completely  crosslink  the  CS  matrix,  following  by 
extensively  rinsing  with  water  to  remove  the  residual  acid.  After 
being  dried,  the  nanohybrid  membranes  were  obtained  and 
designated  as  CS/GO-X,  CS/S2GO-X  or  CS/S4GO-X  representing  GO, 
S2GO  or  S4GO  as  the  nanofillers,  where  X  (X  =  0.5, 1.0, 1.5,  2.0,  and 
2.5)  represented  the  weight  percentage  of  the  nanofillers  to  CS.  CS 
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control  membrane  was  fabricated  in  exactly  the  same  way  as 
described  above  without  incorporating  any  nanosheets.  The 
average  thickness  of  the  dry  membranes  fell  in  the  range  of 
60—68  gm. 

2.4.  Characterization  of  the  CO,  SCO,  and  membranes 

Transmission  electron  microscopy  (TEM),  utilized  to  charac¬ 
terize  the  morphology  of  GO  and  SCO,  was  performed  on  a  FEI 
model  TECNAI  G2  transmission  electron  microscope  (acceleration 
voltage,  200  kV).  Fourier  transform  infrared  (FT1R)  spectroscopy 
was  recorded  on  a  Nicolet  (MAGNA-1R  560)  with  the  wavelength 
range  from  4000  to  400  cnrr1  at  room  temperature.  Thermogra- 
vimetric  analysis  (TGA)  was  conducted  by  TGA-50  SHIMADZU  from 
30  to  800  °C  at  10  °C  min-1  under  N2  atmosphere.  The  micro¬ 
structures  of  the  membranes  were  observed  using  scanning  elec¬ 
tron  microscope  (SEM,  JSM  7500F)  after  being  freeze-fractured  in 
liquid  nitrogen  and  then  sputtered  with  gold.  Differential  scanning 
calorimetry  (DSC,  204  FI  NETZSCH)  was  conducted  as  follows: 
sample  was  preheated  from  room  temperature  to  120  °C  at  the 
heating  speed  of  10  °C  min-1,  then  cooled  to  80  °C  and  reheated  to 
260  °C.  The  mechanical  properties  of  membranes  (1.0  x  4.0  cm) 
were  collected  by  an  Instron  mechanical  tester  (Testometric  350 
AX)  with  an  elongation  rate  of  2  mm  min-1  at  room  temperature. 
RigakuD/max2500v/Pc  X-ray  diffraction  (XRD,  CuK  40  kV,  200  mV) 
was  utilized  to  characterize  the  crystalline  structures  of  the  nano¬ 
sheet  and  membranes. 

2.5.  Measurement  of  water  uptake  and  area  swelling 

Water  uptake  was  determined  by  measuring  the  change  in 
weight  between  the  dry  and  wet  membrane.  The  membrane  was 
first  dried  at  80  °C  for  24  h  to  obtain  the  dry  weight  (Wdry).  After¬ 
ward,  the  membrane  was  immersed  in  water  for  48  h  at  25  °C  to  be 
saturated.  Finally,  it  was  taken  out  and  re-weighed  (Wwet)  after 
removing  the  surface  liquid  droplets.  The  value  of  water  uptake  was 
the  average  of  three  measurements  with  an  error  within  ±4.0%  and 
calculated  by  the  equation  (1): 

Water  uptake(%)  =  ( Wwet  -  Wdry)  j Wdry  x  1 00  ( 1 ) 

Area  swelling  of  the  membrane  was  determined  in  a  similar 
way:  soaking  the  pre-measured  membrane  (Adry,  cm2)  in  water  for 
48  h  at  25  °C  and  then  re-measuring  the  wet  membrane  area  (Awet, 
cm2).  Area  swelling  was  defined  as: 

Area  swelling(%)  =  (AWet  -  Adry)  j Adry  x  100  (2) 

2.6.  Evaluation  of  ion  exchange  capacity  (IEC),  proton  conductivity, 
and  PEMFC  performance 

IEC  values  of  the  nanosheets  and  membranes  were  evaluated  via 
acid— base  titration  method.  A  dry  pre-weighted  membrane  was 
immersed  in  the  saturated  2.0  M  NaCl  solution  for  48  h  to 
completely  liberate  the  H+  into  the  solution  by  exchanging  with 
Na+.  The  solution  was  then  titrated  by  0.01  M  NaOH  solution  using 
phenolphthalein  as  indicator  at  room  temperature.  The  IEC  value 
was  calculated  by  the  equation  (3): 

/EC(mmolg-1)  =  0.01  x  1000  x  VNa0H/Wd  (3) 

where  VNaoH  and  Wd  were  the  volume  of  NaOH  solution  used  in 
titration  and  the  weight  of  the  dry  membrane,  respectively.  The 


measurement  of  IEC  was  carried  out  with  an  accuracy  of 
0.001  mmol  g-1. 

The  proton  conductivity  measurement  was  conducted  in  a 
conductivity  cell  by  AC  impedance  spectroscopy  method.  The 
membrane  impedance  was  tested  by  a  frequency  response  analyzer 
(FRA,  Compactstat,  Ivium  Tech.)  with  the  oscillating  voltage  of 
20  mV  over  a  frequency  range  of  106— 10  Hz.  To  test  the  proton 
conductivity  under  hydrated  condition,  the  sample  was  immersed 
in  water  for  48  h  to  be  fully  hydrated  prior  to  the  measurement. 
Then,  the  sample  was  put  in  the  cell  and  heated  by  water  vapor 
under  a  certain  temperature  ranging  from  20  to  80  °C.  The  relative 
humidity  (RH)  was  kept  at  100%  throughout  the  test.  The  sample 
was  kept  for  a  period  of  time  until  the  resistance  became  a  constant 
value.  Proton  conductivity  under  anhydrous  condition  was  tested 
using  dry  air  after  the  membrane  was  completely  dried  at  60  °C  for 
24  h  under  high  vacuum.  The  proton  conductivity  (a,  S  cm-1)  of  the 
sample  was  calculated  by  the  equation  (4): 

a  =  l/AR  (4) 

where  /,  A,  and  R  were  the  membrane  thickness,  membrane  area, 
and  membrane  resistance,  respectively. 

The  single  PEMFC  performances  of  the  membranes  under 
anhydrous  condition  were  performed  according  to  the  literature 
[35,36]:  the  membrane  electrode  assemblies  (MEAs, 

2.0  cm  x  2.0  cm)  were  hot-pressed  at  135  °C  and  4.0  MPa  for 
2.0  min.  The  Pt  catalyst  loadings  for  both  anode  and  cathode  were 
0.3  mg  cm-2.  Then,  the  MEAs  were  conducted  using  an  in— house 
single  fuel  cell  test  set-up,  in  which  the  MEA  was  sandwiched  be¬ 
tween  two  graphite  plates  with  flow  clusters.  The  single  PEMFC  was 
operated  under  120  °C  with  dry  H2/O2,  and  the  flux  rates  of  H2  and 
O2  were  150  and  200  mL  min-1,  respectively.  The  single  cell  was 
first  activated  using  hydrous  H2  (humidification  temperature, 
30  °C)  for  4  h,  and  followed  by  keeping  under  the  operation  con¬ 
ditions  for  at  least  4  h. 

3.  Results  and  discussion 

3.1.  Synthesis  of  SCO 

The  synthesis  process  of  SCO  could  be  divided  into  three  steps  as 
illustrated  in  Scheme  1 :  the  first  step  was  the  grafting  of  MPS  onto 
the  surface  of  GO  to  introduce  reactive  vinyl  groups;  the  second 
step  was  the  formation  of  polymeric  layer  (poly(DVB-co-St)) 
through  distillation— precipitation  polymerization,  in  which  St 
donated  phenyl  groups  while  DVB  worked  as  crosslinker;  and  the 
third  step  was  the  sulfonation  of  phenyl  groups  to  graft  sulfonic 
acid  groups  within  the  polymeric  layer.  During  the  third  step,  the 
sulfonic  acid  group  loading  amount  was  tailored  by  the  sulfonation 
time  and  two  kinds  of  SGOs  with  different  loading  amount  were 
obtained  and  designated  as  S2GO  and  S4GO. 

Morphological  features  of  GO,  S2GO,  and  S4GO  were  observed  in 
their  TEM  images  as  shown  in  Fig.  1.  Conforming  to  the  shape  of  the 
parent  graphite,  GO  was  exfoliated  into  nanosheets,  which 
agglomerated  driven  by  the  strong  interlayer  attractions  (Fig.  la). 
Since  the  sulfonation  reaction  mainly  occurred  on  the  poly(DVB-co- 
St)  layer,  the  morphology  of  the  nanosheets  was  slightly  altered 
after  the  sulfonation,  and  S2GO  (Fig.  lb)  and  S4GO  (Fig.  lc) 
remained  the  sheet  structure.  For  SGO,  the  presence  of  — SO3H 
groups  weakened  the  interlayer  interactions,  thereby  preventing 
their  stacking  and  reducing  the  contact  area. 

The  existence  of  sulfonated  polymeric  layer  on  the  surface  of 
SGO  was  probed  by  FTIR,  IEC,  and  TGA.  The  FTIR  spectrum  of  GO  in 
Fig.  2a  showed  all  the  characteristic  bands  corresponding  to  ox¬ 
ygen  functional  groups,  including  1730  cm- '(stretching  vibrations 
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Scheme  1.  Preparation  of  SGO  and  the  microstructure  of  nanohybrid  membrane. 


from  C=0),  1633  crrT1  (broad-coupling  from  0— H),  and 
1382  cm  1  (deformation  from  C— OH).  During  the  surface  modi¬ 
fication,  MPS  was  grafted  onto  the  GO  surface  through  dehydra¬ 
tion  with  the  C— OH  groups  in  GO.  In  such  a  way,  the  characteristic 
band  near  1382  cnrr1  disappeared  in  the  spectra  of  S2GO  and 
S4GO.  Although  the  major  vibration  bands  associated  with  0=S= 
0  of  — SO3H  (1218,  1075,  and  1022  citT1)  could  not  be  discrimi¬ 
nated  since  they  were  overlapped  by  the  broad  band  of  GO  near 
1170  cnT1.  Two  new  bands  at  2924  and  2850  cnT1  were 
observed,  which  were  assigned  to  the  — S— OH  and  — CH2— , 
respectively.  Additionally,  the  intensities  of  these  two  bands  of 
S4GO  were  stronger  than  those  of  S2GO,  indicating  the  higher 
sulfonic  acid  group  loading  amount  of  S4GO.  To  quantificationally 
determine  the  loading  amount  of  — SO3H,  the  IEC  values  of  these 
three  kinds  of  nanosheets  were  obtained,  among  which  the  IEC 
value  of  GO  was  1.622  mmol  g_1  resulting  from  the  dissociated  H+ 
from  carboxyl  groups.  After  sulfonation,  the  IEC  values  of  S2GO 
and  S4GO  rose  to  1.827  and  1.956  mmol  g_1,  respectively.  Notably, 
the  acquired  sulfonic  acid  group  loading  amount  was  much  higher 
than  the  reported  value  in  literature  [37],  The  IEC  increase 
corroborated  the  successful  incorporation  of  high  conducting 
— SO3H  into  GO,  and  its  loading  amount  in  SGO  could  be  facilely 
tuned  by  the  sulfonation  time. 


TGA  results  in  Fig.  2b  revealed  that  GO  underwent  three-stage 
weight  loss,  including  the  evaporation  of  moisture  (mainly 
bonded  water)  as  the  first  stage  (30—150  °C),  the  deoxygenation  of 
GO  (mainly  oxygen-containing  groups)  as  the  second  stage 
(180—280  °C),  and  the  decomposition  of  nanosheets  backbone 
(mainly  C— C  bonds)  as  the  third  stage  (280—800  °C).  By  compari¬ 
son,  the  sulfonated  polymeric  layer  afforded  enhanced  water 
retention  ability  to  SGO,  providing  a  higher  weight  reduction  dur¬ 
ing  the  first  stage.  Meanwhile,  the  higher  sulfonic  acid  group 
loading  amount  gave  S4GO  higher  weight  reduction  than  that  of 
S2GO  during  this  stage.  During  the  second  stage,  the  coverage  of 
cross-linked  polymeric  layer  prevented  the  deoxygenation  of  SGO, 
and  the  weight  reduction  was  therefore  assigned  to  the  pyrolysis  of 
— SO3H.  Therefore,  the  weight  loss  of  S2GO  (10.8%)  or  S4GO  (12.1%) 
was  lower  than  that  of  GO  (37.4%).  Together  with  the  decomposi¬ 
tion  of  GO,  the  decomposition  of  polymeric  layer  resulted  in  lower 
char  yields  for  S2GO  (24.8%)  and  S4GO  (20.9%)  than  that  of  GO 
(32.2%).  In  summary,  these  observations  confirmed  that  the  GO  was 
successfully  functionalized  by  the  polymeric  layer  with  — SO3H 
groups. 

Fig.  2c  showed  the  XRD  spectra  of  GO,  S2GO,  and  S4GO.  Different 
from  the  diffraction  peak  of  graphite  at  27°  (001),  this  peak  shifted 
to  10.1°  for  GO  because  of  the  inserting  of  oxygen-containing 


(a) 


(b) 


(c) 


Fig.  1.  TEM  images  of  the  nanosheets:  (a)  GO,  (b)  S2GO,  and  (c)S4GO. 
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Fig.  2.  (a)  FT1R  spectra,  (b)  TGA  curves,  and  (c)  XRD  patterns  of  GO,  S2GO,  and  S4GO. 


groups,  which  increased  the  average  interlayer  distance  from 
0.34  nm  to  0.89  nm.  After  modification,  this  diffraction  peak 
decreased  to  9.5°  for  S2GO  and  9.3°  for  S4GO,  corresponding  to  the 
interlayer  distances  of  0.95  and  0.97  nm,  respectively.  The  increase 
of  the  distance  should  be  ascribed  to  the  entering  of  hydrophilic 
monomer  molecules  into  GO  interlayer  during  the  modification. 
The  close  data  for  S2GO  and  S4GO  suggested  that  they  possessed 
similar  sheet  morphologies.  Accordingly,  the  sulfonic  acid  group 
loading  amount  of  SGO  should  be  the  main  determiner  of  the 
properties  and  performances  of  S2GO-filled  and  S4GO-filled 
membranes. 

3.2.  Preparation  of  the  membranes 

The  GO,  S2GO,  and  S4GO  were  then  embedded  into  CS  matrix  to 
prepare  nanohybrid  membranes  via  solution  casting  method.  To 
better  understand  the  interfacial  interaction  between  nanosheets 
and  CS,  the  FT1R  spectra  of  CS,  CS/GO-1.5,  CS/S2GO-1.5,  and  CS/ 
S4GO-1.5  were  performed  and  shown  in  Fig.  3a.  Three  character¬ 
istic  bands  around  3260,  1628,  and  1527  cm-1  were  clearly 
observed  for  all  the  membranes,  which  were  assigned  to  the 
characteristic  bands  of  CS,  viz.,  hydroxyl,  amide  1,  and  amide  II 
groups,  respectively.  The  band  at  1151  cm~'  was  corresponded  to 
C— O  stretching  vibrations  of  C— OH  in  CS  chains.  The  intensities  of 


these  characteristic  bands  in  the  spectra  of  nanohybrid  membranes 
became  weak  when  compared  to  CS  control  membrane,  inferring 
the  generation  of  interfacial  attractions  (e.g.,  hydrogen-bonding 
and  electrostatic  interactions)  between  the  — OH/— NH2  groups  of 
CS  and  the  acid  groups  of  nanosheets.  Compared  with  GO-filled 
membrane,  SCO-filled  membranes  gave  rise  to  a  new  peak  at 
898  citT1  (dashed  line),  which  corresponded  to  the  symmetric 
stretching  of  —  S— O  group.  This  group  was  reasonably  from  the 
deprotonation  of  — SO3H  on  SGO  driven  by  the  — NH2  in  CS  matrix. 
In  this  manner,  acid— base  pairs  were  generated  along  SGO  surface 
in  the  form  of  — S03  --3HN+—  (Scheme  1).  The  influence  of  the 
nanosheet  content  on  interfacial  interaction  was  probed  and  the 
results  were  shown  in  Fig.  3b.  It  could  be  observed  that  the  in¬ 
tensities  of  the  characteristic  bands  of  CS  gradually  decreased  with 
the  increase  of  S2GO  content  from  0.5%  to  2.5%,  which  was  attrib¬ 
uted  to  the  increase  of  acid— base  pairs  and  hence  the  interfacial 
attractions. 

The  inner  microstructures  and  nanosheet  dispersion  of  nano¬ 
hybrid  membranes  were  probed  using  their  SEM  images  of  cross- 
section.  Fig.  4a  showed  that  CS  control  membrane  was  dense  and 
smooth,  without  obvious  cracks  or  pinholes.  In  comparison,  the 
cross-section  of  the  nanohybrid  membranes  became  rougher  and 
displayed  obvious  wrinkles  due  to  the  presence  of  nanosheets 
(assigned  in  Fig.  4b— d).  Besides,  the  overall  morphology  of  the 
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(a)  (b) 


Fig.  3.  FTIR  spectra  of  CS  control  and  nanohybrid  membranes. 


nanohybrid  membranes  was  uniform  without  cracks.  This  obser¬ 
vation  suggested  that  the  nanosheets  (GO,  S2GO,  and  S4GO)  were 
well  dispersed  within  CS  matrix  as  a  result  of  the  strong  interfacial 
interactions,  making  a  good  compatibility  between  CS  and  nano¬ 
sheets.  For  the  nanohybrid  membranes,  SGO-filled  membranes 


possessed  more  wrinkles  than  GO-filled  membrane,  inferring  much 
better  dispersion  of  the  SCO.  The  well  dispersion  of  SCO  would 
provide  more  continuous  pathways  for  proton  migration. 

The  crystalline  structure  obviously  affected  the  transfer  resis¬ 
tance  of  a  membrane.  XRD  was  utilized  to  investigate  the 


(C) 


(d) 


Fig.  4.  SEM  images  of  the  cross-section  of  (a)  CS,  (b)  CS/GO-1.5,  (c)  CS/S2GO-1.5,  and  (d)  CS/S4GO-1.5. 
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crystalline  structure  of  the  as-prepared  membranes  and  the  pat¬ 
terns  were  depicted  in  Fig.  5.  Similar  to  the  results  in  literature,  CS 
control  membrane  exhibited  three  characteristic  bands  at 
28  =  22.6°,  19.2°,  and  11.9°  [38].  By  comparison,  the  bands  for  CS 
matrix  at  28  =  11.9°  and  19.2°  weakened  or  even  disappeared  when 
adding  GO/SGO  nanosheets.  Such  observations  should  be  ascribed 
to  the  presence  of  nanosheets,  which  interfered  with  the  ordered 
packing  of  CS  chains  through  the  interfacial  interactions  and  thus 
reduced  their  crystallinity  domains.  Fig.  5b  revealed  that  the 
interference  of  nanosheets  on  the  crystallinity  of  CS  became 
stronger  with  the  increase  of  nanosheet  content,  and  the  intensities 
of  the  characteristic  bands  gradually  decreased. 

3.3.  Thermal  and  mechanical  properties  of  the  membranes 

Excellent  thermal  and  mechanical  stabilities  are  required  for  a 
PEM  to  achieve  long-term  operation.  TGA  and  DSC  measurements 
were  carried  out  to  investigate  the  thermal  properties  of  the  as- 
prepared  membranes.  TGA  results  in  Fig.  6a, b  suggested  that  all 
the  membranes  underwent  the  following  three-step  weight  loss:  (i) 
the  first  stage  was  the  evaporation  of  water  from  the  membrane 
around  30—150  °C,  (ii)  the  second  stage  was  the  degradation  of  CS 
side-chains  around  210—310  °C,  and  (iii)  the  third  stage  was  the 
degradation  of  CS  backbones  around  450—650  °C.  By  comparison, 
GO-filled  membrane  displayed  a  similar  thermal  degradation 
behavior  to  that  of  CS  control  membrane,  inferring  that  the 
degradation  mechanism  of  CS  might  remain  unchanged  after 
incorporating  GO.  However,  the  TGA  curves  of  CS/S2GO-1.5  and  CS/ 
4GO-1.5  were  retarded  at  the  second  and  third  stages  when 
compared  with  that  of  CS  control  membrane,  that  is,  they  had 
higher  onset  temperatures  at  these  two  stages.  The  electrostatic 
interactions  between  CS  and  SGO  should  contribute  to  the 
increased  temperatures,  which  delayed  the  degradation  of  CS 
chains  by  inhibiting  their  motion.  It  should  be  noted  that  the  res¬ 
idues  of  SGO-filled  membranes  were  higher  than  that  of  GO-filled 
membrane,  which  was  opposite  to  the  order  of  that  of  nano¬ 
sheets  (SGO  <  GO).  Such  phenomenon  was  reasonably  ascribed  to 
the  inhibited  decomposition  of  CS  chains  in  CS/SGO-X.  Although 
the  residues  formed  by  SGO  were  lower  than  that  formed  by  GO, 
the  incorporation  of  SGO  would  cause  CS  matrix  in  CS/SGO-X  to 
leave  more  residues.  Collectively,  SGO-filled  membrane  had  more 
residues  than  GO-filled  membrane.  Similar  observation  was  found 


(a) 


in  other  nanocomposites  38,39],  Elevating  the  SGO  content  would 
enhance  the  thermal  stability  of  the  nanohybrid  membrane,  as 
proved  in  Fig.  6b.  TGA  results  implied  that  the  as-prepared  mem¬ 
branes  were  thermally  stable  at  the  temperatures  below  200  °C, 
adequate  for  the  application  of  PEMFC. 

The  chain  mobility  of  the  as-prepared  membranes  was  probed 
by  DSC  and  the  results  were  shown  in  Fig.  6c, d.  Endothermic  peak 
at  the  temperatures  ranging  of 219— 243  °C  could  be  observed  for  all 
the  membranes,  which  was  assigned  to  the  thermal  decomposition 
of  CS  side-chains.  It  was  found  that  CS  control  membrane  displayed 
a  transition  temperature  (Td)  of  219.4  °C.  Incorporating  the  nano¬ 
sheets  would  suppress  the  CS  decomposition  by  the  interfacial  in¬ 
teractions,  thus  significantly  increasing  the  Td.  For  instance,  CS/GO- 
1.5,  CS/S2GO-1.5,  and  CS/S4GO-1.5  attained  the  Td  of  224.1,  232.8, 
and  236.5  °C,  respectively.  For  another,  increasing  the  nanosheet 
content  improved  the  thermal  stabilities  of  nanohybrid  mem¬ 
branes,  yielding  a  continuous  increase  of  Td  from  226.7  to  242.5  °C 
as  the  S2GO  content  increased  from  0.5  to  2.5%  (Fig.  6d).  In  sum¬ 
mary,  DSC  results  indicated  that  the  thermal  stability  of  the 
membrane  was  effectively  improved  upon  SGO  incorporation, 
which  was  in  agreement  with  the  results  of  TGA. 

Fig.  7  presented  the  stress— strain  curves  of  the  as-prepared 
membranes  for  probing  their  mechanical  properties.  CS  control 
membrane  exhibited  acceptable  mechanical  stability  with  the 
Young's  modulus  of  692.3  MPa,  along  with  the  tensile  strength  of 
44.7  MPa  and  the  elongation  at  break  of  17.7%.  By  comparison, 
the  nanohybrid  membranes  acquired  enhanced  mechanical  sta¬ 
bilities.  For  instance,  incorporating  1.5%  GO,  S2GO,  or  S4GO 
elevated  the  tensile  strength  to  64.3,  79.8,  or  85.3  MPa,  along 
with  the  Young's  modulus  of  1614.7,  2302.4,  or  2697.4  MPa, 
respectively.  The  enhanced  mechanical  properties  were  reason¬ 
ably  ascribed  to  the  interfacial  interactions,  which  inhibited  the 
mobility  of  CS  chains  and  made  their  stretching  more  laborious. 
The  influence  of  nanosheet  content  on  mechanical  strength  was 
investigated,  taking  CS/S2GO-X  as  an  example.  It  was  found  that 
as  the  S2GO  content  increased  from  0.5%  to  2.5%,  both  the  tensile 
strength  and  Young's  modulus  first  increased  and  then  decreased 
(Fig.  7b).  CS/S2GO-1.5  possessed  the  highest  modulus  and 
strength  of  2302.4  and  83.3  MPa,  respectively,  which  dropped  to 
1805.9  and  77.0  MPa  when  the  content  was  up  to  2.5%.  This 
reduction  might  be  caused  by  the  aggregation  of  S2GO  under  this 
high  content. 


(b) 


Fig.  5.  XRD  patterns  of  CS  control  and  nanohybrid  membranes. 
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Fig.  6.  TGA  (a  and  b)  and  DSC  (c  and  d)  curves  of  CS  control  and  nanohybrid  membranes. 
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Fig.  7.  Stress-strain  curves  of  CS  control  and  nanohybrid  membranes. 
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3.4.  Water  uptake  and  area  swelling  of  the  membranes 

Water  uptake  is  one  crucial  parameter  for  high-performance 
PEM  since  water  molecules  participate  in  both  of  the  proton 
transfer  mechanisms,  including  vehicle  mechanism  and  Grotthuss 
mechanism  [40  .  However,  excessive  water  uptake  will  lead  to  se¬ 
vere  swelling  and  then  increase  the  fuel  crossover  and  reduce  the 
structural  stability.  Fig.  8a  revealed  that  CS  control  membrane 
showed  the  high  water  uptake  of  76.7%  at  25  °C  due  to  the  hy¬ 
drophilic  groups  (i.e„  —OH  and  — NH2).  Incorporating  the  nano¬ 
sheets  would  inhibit  the  chain  motion  and  hence  the  free  volumes 
of  CS  matrix,  the  main  locations  for  water  storage.  Consequently, 
the  nanohybrid  membranes  displayed  reduced  water  uptakes.  For 
instance,  the  uptakes  of  CS/GO-1.5,  CS/S2GO-1.5,  and  CS/S4GO-1.5 
were  64.9%,  61.0%,  and  59.7%,  respectively.  For  another,  although 
SCO  had  higher  water  absorption  ability  than  GO  as  testified  by  TGA 
analysis,  the  reduced  chain  motion  in  SGO-filled  membrane  would 
make  the  CS  matrix  store  less  water  when  compared  with  that  in 
GO-filled  membrane.  Collectively,  the  SCO-filled  membranes 
showed  lower  water  uptakes  than  GO-filled  membrane.  Elevating 
the  nanosheet  content  would  decrease  the  water  absorption  ability, 
letting  the  uptake  of  CS/S2GO-X  decrease  from  70.1%  to  54.2%  with 
the  S2GO  content  increasing  from  0.5%  to  2.5%  as  an  example. 
Generally,  the  adsorption  of  water  would  cause  the  membrane  to 


swell  through  hydration,  and  high  water  uptake  usually  gave  a  high 
area  swelling  [20].  Similar  to  the  uptake  behavior,  Fig.  8b  revealed 
that  the  area  swelling  decreased  in  the  order  of  CS  >  CS/GO-X  >  CS/ 
S2GO-X  >  CS/S4GO-X  under  identical  conditions.  The  reduction  of 
swelling  upon  SGO  incorporation  endowed  the  nanohybrid  mem¬ 
branes  with  enhanced  structural  stabilities,  making  them  more 
suitable  for  the  practical  application. 

3.5.  Proton  conduction  properties  of  the  membranes 

3.5.1.  1EC  of  the  membranes 

IEC,  an  indication  of  the  number  of  ion  exchangeable  groups  and 
available  protons,  is  an  important  parameter  for  proton  conduction. 
IEC  values  measured  by  classical  titration  method  were  shown  in 
Fig.  8c,  which  revealed  that  CS  control  membrane  displayed  a 
relatively  low  IEC  of  0.195  mmol  g  ,  close  to  the  value  reported  in 
literature  [41].  By  comparison,  the  IEC  values  of  GO-filled  mem¬ 
branes  were  enhanced  after  the  incorporation  of  GO,  resulting  from 
the  available  proton  conducting  groups  (e.g.,  — CO2H).  Upon  modi¬ 
fication  by  the  high-conducting  — S03H,  the  nanosheets  (SGO) 
donated  higher  IEC  values  to  SGO-filled  membranes  than  those  of 
GO-filled  membranes.  Additionally,  increasing  the  sulfonic  acid 
group  loading  amount  on  SGO  would  elevate  the  proton  exchange 
capability,  providing  CS/S4GO-X  higher  IEC  than  CS/S2GO-X.  For 


(a)  (b) 


(c) 


Fig.  8.  (a)  Water  uptake,  (b)  area  swelling,  and  (c)  IEC  of  CS  control  and  nanohybrid  membranes  at  25  °C. 
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instance,  the  IEC  values  of  0.214  and  0.223  mmol  g'1  were  acquired 
when  0.5%  S2GO  and  S4GO  were  added,  respectively.  Meanwhile, 
the  IEC  value  of  nanohybrid  membrane  increased  with  the  increase 
of  the  nanosheet  content.  Taking  CS/S2GO-X  as  an  example, 
increasing  the  S2GO  content  from  0.5%  to  2.5%  afforded  an  increase 
of  IEC  from  0.214  to  0.301  mmol  g'1. 

3.5.2.  Proton  conductivity  of  the  membranes  under  hydrated 
condition 

As  the  key  indicator  of  a  PEM,  proton  conductivity  is  the 
performance-limiting  parameter  by  determining  the  operational 
voltage  and  current  output  of  a  fuel  cell  [42].  Proton  conductivities 
under  both  hydrated  (100%  RH)  and  anhydrous  (0%  RH)  conditions 
were  conducted  for  better  understanding  the  function  of  SGO  on 
proton  transfer.  The  conductivities  at  25  °C  and  100%  RH  were 
shown  in  Fig.  9a.  It  was  found  that  CS  control  membrane  attained  a 
conductivity  of  about  0.0117  S  cm-1,  close  to  the  result  in  literature 
[20,41],  The  incorporation  of  SGO  nanosheets  significantly  facili¬ 
tated  the  proton  transfer  through  nanohybrid  membranes,  yielding 
the  conductivity  of  0.0174  or  0.0182  S  cnrr1  with  the  enhancement 
of  49%  or  56%  when  adding  only  0.5%  S2GO  or  S4GO,  respectively. 
As  mentioned  in  water  uptake,  proton  transfer  through  a  PEM 
obeyed  the  vehicle  mechanism  and  Grotthuss  mechanism.  Vehicle 
mechanism  was  related  to  the  protons  diffusing  in  the  form  of 


H30+,  H5Oj,  or  HgOj,  while  Grotthuss  mechanism  was  related  to 
the  protons  hoping  from  one  carrier  site  to  the  neighboring  one 
[43,44],  Considering  the  fact  that  SGO  reduced  the  water  uptake 
and  area  swelling  of  nanohybrid  membranes,  which  in  turn  would 
reduce  the  vehicle-type  transporting  protons,  the  enhanced  con¬ 
ductivities  should  be  attributed  to  the  increase  of  Grotthuss-type 
transporting  protons.  The  transfer  was  reasonably  promoted  by: 
(i)  the  presence  of  abundant  sulfonic  acid  groups  within  the 
membrane,  which  worked  as  additional  proton-hoping  sites;  (ii) 
the  generation  of  acid— base  pairs  (— S03  •  •  -3HN+— ),  which  served  as 
low-barrier  proton-hoping  sites;  and  (iii)  the  sheet  structure  and 
high  specific  surface  area,  which  allowed  SGO  to  create  wide  and 
continuous  pathways  using  the  hoping  sites.  Fig.  9a  indicated  that 
the  proton  conductivities  of  the  nanohybrid  membranes  could  be 
effectively  enhanced  by  increasing  the  sulfonic  acid  group  loading 
amount  or  content  of  SGO.  Notably,  CS/S4GO-2  achieved  the 
highest  conductivity  of  0.0267  S  cm'1,  222.5%  of  that  of  CS  control 
membrane.  When  further  increasing  the  S4GO  content  to  2.5%,  a 
reduction  of  conductivity  was  observed  probably  due  to  the 
nanosheet  agglomeration.  Under  identical  conditions,  GO  nano¬ 
sheets  displayed  similar  function  in  elevating  the  conductivity  of 
the  nanohybrid  membrane  through  the  conducting  — CO2H  groups. 

The  temperature-dependent  conductivities  under  hydrated 
condition  were  shown  in  Fig.  9b— d.  It  was  found  that  all  the 
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Fig.  9.  (a)  Proton  conductivity  at  25  °C  under  100%  RH,  and  temperature-dependent  conductivity  of  (b)  CS/GO-X,  (c)  CS/S2GO-X,  and  (d)  CS/S4GO-X  under  100%  RH. 
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membranes  exhibited  gradual  increase  of  conductivity  with  the 
temperatures  varying  from  25  to  85  °C,  resulting  from  the  pro¬ 
moted  motion  of  polymer  chains  and  water  molecules  at  high 
temperature.  For  instance,  the  conductivity  of  CS  control  mem¬ 
brane  increased  from  0.0117  to  0.0253  S  cm-1.  By  comparison,  the 
nanohybrid  membrane  possessed  higher  conductivity  than  that  of 
CS  control  membrane  under  every  testing  temperature,  meanwhile 
following  the  order  of  CS  <  CS/GO-X  <  CS/S2GO-X  <  CS/S4GO-X.  For 
another,  as  the  temperature  increased  from  25  to  85  °C,  conduc¬ 
tivity  enhancements  from  0.0195  to  0.0450,  from  0.0226  to  0.0549, 
and  from  0.0233  to  0.0612  S  cm-1  were  obtained  for  CS/GO-1.5,  CS/ 
S2GO-1.5,  and  CS/S4GO-1.5,  with  the  growth  rate  of  130.7%,  142.9%, 
and  162.6%,  respectively.  Such  results  inferred  that  the  transfer 
ability  of  acid— base  pairs  could  be  elevated  by  increasing  the 
temperature,  as  the  activated  motion  of  acid— base  pairs  made  the 
enthalpy  change  smaller  during  proton  hoping  at  the  elevated 
temperature.  For  further  investigating  the  proton  conduction 
mechanism,  the  proton  conductivities  in  Arrhenius  plot  were 
depicted  in  Fig.  10,  from  which  the  values  of  activation  energy  (Fa, 
Table  1 )  were  calculated  using  Arrhenius  equation.  Previous  study 
has  demonstrated  that  vehicle  mechanism  and  Grotthuss  mecha¬ 
nism  co-exist  in  the  proton  transfer  of  CS-based  membranes  under 
hydrated  condition  [45],  Close  to  the  value  in  literature,  CS  control 
membrane  had  the  Ea  of  10.94  kj  mol1  [34],  By  comparison,  the  Ea 
values  of  nanohybrid  membranes  were  increased  to  the  range  of 
11.27—14.62  kj  mol-1.  Considering  that  the  Ea  value  for  only  Grot¬ 
thuss  mechanism  was  in  the  range  of  14.3—39.8  kj  mol-1,  the  Ea 
increase  suggested  that  the  Grotthuss  mechanism  tended  to  be  the 
primary  route  of  proton  conduction  in  nanohybrid  membranes.  The 
GO/SGO  nanosheets  provided  additional  hoping  sites  (acid  groups 
and  acid— base  pairs)  to  the  nanohybrid  membrane,  which  would 
allow  more  protons  migrate  via  Grotthuss  manner.  This  finding  was 
in  agreement  with  the  conductivity  analysis.  SGO-filled  membrane 
displayed  slightly  higher  Ea  value  than  GO-filled  membrane  under 
identical  conditions,  probably  due  to  the  facile  hoping  sites  of 
acid— base  pairs.  These  results  were  in  good  agreement  with  those 
found  for  other  types  of  acid— base  composite  membranes  [46,47], 

3.5.3.  Proton  conductivity  of  the  membranes  under  anhydrous 
condition 

PEMFC  working  at  elevated  temperatures  and  anhydrous  con¬ 
ditions  is  much  more  preponderant  according  to  the  following 


Table  1 

The  values  of  activation  energy  of  CS  control  and  nanohybrid  membranes  under 
hydrated  and  anhydrous  conditions. 


Membrane 

Ea  under  hydrated 
conditions  (kj  mol-1) 

Ea  under  anhydrous 
conditions  (kj  mol-1) 

CS 

10.94 

13.85 

cs/Go-0.5 

11.27 

14.24 

CS/GO-l 

12.42 

15.48 

CS/GO-1.5 

12.13 

14.83 

CS/GO-2 

11.75 

14.81 

CS/GO-2.5 

11.56 

14.43 

CS/S2GO-0.5 

11.47 

15.10 

CS/S2GO-1 

11.75 

15.57 

CS/S2GO-1.5 

12.26 

15.61 

CS/S2GO-2 

12.80 

15.67 

CS/S2GO-2.5 

12.04 

15.38 

CS/S4GO-0.5 

13.09 

14.91 

CS/S4GO-1 

13.57 

15.19 

CS/S4GO-1.5 

14.35 

15.38 

CS/S4GO-2 

14.62 

15.48 

CS/S4GO-2.5 

13.76 

15.10 

advantages:  (i)  easy  water  and  heat  management;  (ii)  relieving 
carbon  monoxide  poisoning  of  the  platinum  electrocatalyst;  and 
(iii)  accelerating  reaction  rate  at  both  electrodes  [14,46],  However, 
most  of  the  developed  PEMs  suffer  from  conductivity  decline  under 
such  conditions  due  to  the  evaporation  of  water.  Therefore,  it  is 
important  and  impending  to  develop  highly  conductive  membrane 
under  anhydrous  condition.  As  acid— base  pairs  possess  unique 
anhydrous  proton  conduction  behaviors  through  the  direct  hoping 
between  proton  donor  (acid  group)  and  acceptor  (base  group),  the 
conductivities  of  the  as-prepared  membranes  under  120  °C  and 
anhydrous  conditions  were  measured  and  the  results  were  shown 
in  Fig.  11a.  CS  control  membrane  displayed  acceptable  anhydrous 
proton  transfer  ability  with  the  conductivity  of  5.7  mS  cm-1.  The 
addition  of  — CO2H  groups  conferred  the  CS/GO-X  higher  conduc¬ 
tivity  than  CS  control  membrane,  and  CS/GO-l.O  achieved  the 
highest  conductivity  of  7.9  mS  cm-1.  By  comparison,  SGO  gave 
much  higher  proton  conductivities  to  the  nanohybrid  membranes, 
corroborating  the  effective  conducting  ability  of  the  acid— base 
pairs.  In  addition,  the  conductivity  of  SGO-filled  membrane  could 
be  tailored  by  the  sulfonic  acid  group  loading  amount  and  content 
of  SGO.  It  should  be  noted  that  the  proton  conductivity  under  hy¬ 
drated  condition  of  SGO-filled  nanohybrid  membrane  (up  to 
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Fig.  10.  Arrhenius  plots  of  proton  conductivity  of  CS  control  and  nanohybrid  membranes  under  (a)  hydrated  condition  and  (b)  anhydrous  condition. 
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(a)  (b) 


(c) 


(d) 


Fig.  11.  (a)  Proton  conductivity  at  120  °C  and  anhydrous  condition,  and  temperature-dependent  conductivity  of  (b)  CS/GO-X,  (c)  CS/S2GO-X,  and  (d)  CS/S4GO-X  under  anhydrous 
condition. 


0.07  S  cm-1)  was  comparable  to  that  of  Nation  (about  0.1  S  citT1) 
[3],  While  under  anhydrous  condition,  the  nanohybrid  membrane 
achieved  much  higher  proton  conductivity  (up  to  11.0  mS  cm-1) 
than  Nation  (0.1  mS  cm-1)  [36],  inferring  the  excellent  conducting 
ability  of  acid— base  pairs.  The  high  conductivity  might  endow  the 
nanohybrid  membrane  with  high  PEMFC  performances. 

The  temperature-dependent  conductivities  under  anhydrous 
condition  were  depicted  in  Fig.  l  ib— d,  which  suggested  that  all  the 
membranes  showed  continuous  increase  of  conductivities  with  the 
temperature.  The  conductivity  of  CS  control  membrane  increased 
from  1.5  to  5.7  mS  cm-1  as  the  temperature  increased  from  20  to 
120  °C,  with  the  growth  rate  of  291%.  By  comparison,  more  evident 
enhancements  of  366%  (from  1.7  to  7.9  mS  cm-1),  376%  (from  2.0  to 
9.5  mS  cm-1),  and  395%  (from  2.20  to  10.9  mS  cm-1)  were  achieved 
for  CS/GO-1.0,  CS/S2GO-2.0,  and  CS/S4GO-2.0,  respectively.  Such 
findings  indicated  that  the  acid— base  pairs  at  CS— SCO  interface 
could  work  as  facile  pathways  for  proton  hoping  without  water, 
especially  under  the  elevated  temperatures.  This  feature  made  the 
acid— base  paired  materials  more  suitable  for  the  application  of 
temperature-sensitive  conductors.  The  Ea  values  for  proton  con¬ 
dition  of  the  membranes  under  anhydrous  condition  were  also 
obtained  from  the  Arrhenius  plots  (Fig.  lib).  Under  this  condition, 
the  protons  mainly  transported  via  Grotthuss  mechanism,  leading 


to  higher  Ea  values  for  all  the  membranes  than  those  under  hy¬ 
drated  condition.  Similar  to  the  Ea  tendency  under  hydrated  con¬ 
dition,  the  nanohybrid  membranes  had  higher  Ea  values  than  CS 
control  membrane  due  to  the  presence  of  the  additional  hoping 
sites,  which  increased  the  Grotthuss-type  proton  transfer. 

3.5.4.  The  stability  of  proton  conductivity 

Sufficient  stability  of  proton  conductivity  of  PEM  is  curial  to  the 
stable  performances  of  a  fuel  cell.  Considering  the  high  proton 
conductivity  and  structural  stability  of  S4GO-filled  membranes,  CS/ 
S4GO-2  was  chosen  as  representative  to  evaluate  the  conductivity 
stability  under  both  hydrated  and  anhydrous  conditions.  Fig.  12 
revealed  that  the  membrane  displayed  fairly  constant  proton  con¬ 
ductivity  under  these  two  conditions  over  days.  Typically,  proton 
conductivity  varied  from  27.9  to  29.0  mS  cm-1  with  the  average 
value  of  28.48  mS  cm-1  at  30  °C  and  hydrated  conditions,  and  it 
changed  within  the  range  of  10.7—11.2  mS  cm-1  with  an  average 
value  of  10.9  mS  cm-1  at  120  °C  and  anhydrous  conditions.  The 
stable  proton  conduction  behaviors  of  CS/S4GO-2  were  probably 
attributed  to  the  covalently  grafting  of  — SO3H  groups  on  the 
nanosheets,  which  provided  stable  hoping  sites  and  transfer 
pathways  to  the  nanohybrid  membrane.  In  summary,  the  above 
results  successfully  proved  that  the  SCO  nanosheets  synthesized  in 
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Fig.  12.  Time-dependent  conductivity  of  CS/S4GO-2  under  30  C  and  hydrated  con¬ 
ditions  (rectangle)  and  120  °C  and  anhydrous  conditions  (circle). 


this  study  could  significantly  enhance  the  proton  transfer  ability  of 
basic  materials  by  forming  acid— base  pairs  under  both  hydrated 
and  anhydrous  conditions,  especially  at  the  elevated  temperature. 


density  of  about  284.0  mA  citT2  and  81.2  mW  cnrT2,  respectively. 
Compared  with  the  control  membrane,  the  nanohybrid  membranes 
acquired  much  better  cell  performances.  The  OCVs  were  elevated  to 
0.97  0.98,  and  0.99  V  for  CS/GO-2,  CS/S2GO-2,  and  CS/S4GO-2, 
respectively.  The  increased  OCVs  indicated  that  the  presence  of 
GO/SGO  within  CS  matrix  widened  and  lengthened  the  transfer 
pathways  for  H2  molecules,  thus  enhancing  the  H2  resistance 
abilities  of  nanohybrid  membranes.  In  addition,  it  was  found  that 
incorporating  2%  S2GO  could  provide  a  58%  increase  of  the 
maximum  current  density  (448.7  mA  cm~2)  and  a  64%  increase  of 
the  maximum  power  density  (132.9  mW  cnrT2).  The  enhanced 
proton  conductivity  should  be  the  main  factor  for  the  elevated 
performances,  which  could  reduce  the  electrolyte  resistance  of 
MEAs  and  facilitated  the  reduction  reaction  in  cathode  [35,48],  For 
the  nanohybrid  membranes,  the  cell  performances  increased  in  the 
order  of  CS/GO-2  <  CS/S2GO-2  <  CS/S4GO-2,  in  accordance  with  the 
order  of  their  proton  conductivities.  This  finding  supported  the  fact 
that  proton  conductivity  of  PEM  played  a  critical  role  in  its  cell 
performances.  It  should  be  noted  that  CS/S4GO-2  achieved  the 
highest  current  density  (459.3  mA  cm~2)  and  power  density 
(146.7  mW  cm-2),  and  these  data  were  also  higher  than  those  of 
Nation  under  similar  conditions  [49],  Clearly,  these  results  indi¬ 
cated  that  the  SCO  gave  obvious  enhancement  in  the  cell  perfor¬ 
mances  of  CS-based  PEM.  Together  with  the  low  cost  of  CS,  the  as- 
prepared  nanohybrid  membranes  might  have  potential  applica¬ 
tions  for  PEMFC. 


3.5.5.  PEMFC  performances  of  the  membranes 

Considering  the  unique  advantages  of  the  elevated-temperature 
PEMFC  and  the  superior  anhydrous  conductivity  of  the  nanohybrid 
membrane,  the  single  cell  performances  were  performed  under 
elevated  temperature  and  anhydrous  conditions.  Due  to  the  good 
comprehensive  performances  of  proton  conductivity  and  structural 
stability,  CS/GO-2,  CS/S2GO-2,  CS/S4GO-2,  and  CS  control  mem¬ 
brane  were  chosen  as  representatives  and  then  measured  under 
120  °C  and  0%  RH.  Similar  thickness  was  utilized  for  each  mem¬ 
brane  to  ensure  a  good  comparison.  Fig.  13  revealed  that  CS  control 
membrane  attained  the  open  circuit  voltage  (OCV)  of  0.95  V, 
inferring  a  good  H2  barrier  ability.  Meanwhile,  the  anhydrous 
conduction  ability  afforded  the  control  membrane  acceptable  cell 
performances  with  the  maximum  current  density  and  power 


4.  Conclusions 

In  this  study,  we  reported  an  attempt  for  highly  conductive 
nanohybrid  membrane  by  incorporating  SCO  nanosheets  into  CS 
matrix.  SGO  nanosheets  with  tunable  sulfonic  acid  group  loading 
amount  were  synthesized  via  the  facile  approach  of  dis¬ 
tillation-precipitation  polymerization.  The  systemic  characteriza¬ 
tions  of  the  membranes  confirmed  that  the  uniformly  dispersed 
SGO  improved  the  thermal  and  mechanical  stabilities  of  nano¬ 
hybrid  membrane  by  inhibiting  the  motion  of  CS  chains  through 
the  interfacial  attractions.  The  conductivity  measurements  proved 
that  SGO  donated  significant  enhancement  in  proton  conductivity 
to  the  nanohybrid  membranes  under  both  hydrated  and  anhydrous 
conditions  by  means  of  (i)  the  generation  of  acid— base  pairs  at 


(a) 


(b) 


Fig.  13.  Single  H2/O2  cell  performances  of  CS  control  and  nanohybrid  membranes  under  120  °C  and  anhydrous  conditions:  (a)  polarization  curves  and  (b)  power  density-current 
density  curves. 
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CS— SCO  interface,  which  worked  as  facile  proton-hoping  sites,  and 
(ii)  the  nanosheet  structure  and  high  specific  surface  area  of  SGO, 
which  allowed  the  hoping  sites  form  continuous  and  wide  path¬ 
ways,  affording  efficient  proton  migration  to  the  SCO-filled  mem¬ 
brane.  Moreover,  increasing  the  sulfonic  acid  group  loading  amount 
or  content  of  SGO  provided  more  transfer  pathways  and  thereby 
further  enhanced  the  proton  conductivity.  The  stable  structure  of 
the  nanohybrid  membrane  contributed  to  stable  proton  transfer 
behaviors  over  days  under  both  hydrated  and  anhydrous  condi¬ 
tions.  Benefiting  from  the  enhanced  proton  conductivity,  the 
nanohybrid  membrane  achieved  much  higher  H2/O2  PEMFC  per¬ 
formances  than  those  of  the  control  membrane  and  Nafion  under 
elevated  temperature  and  anhydrous  conditions.  Considering  the 
facile  preparation  process,  the  present  study  might  provide  a  po¬ 
tential  strategy  on  the  rational  design  and  preparation  of  highly 
conductive  proton  conductors  under  various  conditions. 
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